A novel surface plasmon resonance (SPR) sensor system using a smartphone based on the metal nanoshell array sensing method is proposed and developed. The microflow injection method was used to prepare two-dimensional colloidal microsphere template, the metal nanoshell array was fabricated by combining the microsphere template and the magnetron sputtering technology. A smartphone and a diffraction grating are employed as interrogation system, in which a fiber with a 45°polished tip connect the flashlight and the camera on the smartphone. The diffraction grating spreads the transmission spectrum over the camera's pixels to allow for repeatable measurements of wavelength shifts of the sensor. The reflection intensity of sensor can be measured by smartphone and the surrounding refractive index is monitored by the shift of the reflection spectrum. The experimental results show that the sensitivity of the SPR refractive index sensor based on the metal nanoshell array is about 927 nm/RIU for a refractive index (RI) range from 1.352 to 1.363, and the quality factor of that is about 18.5. The results show that this technique can provide a lowcost, portable and intelligent diagnostic platform for the measurement of the SPR refractive index sensor.
Introduction
Recently, optical refractive index sensor has the advantages of high accuracy, anti-electromagnetic interference, fast response and imageability, which is in conformity with the technical requirements of real-time and unmarked detection in biochemical sensor. The most common of these are optical resonance type refractive index sensors, including fiber grating [1] - [4] , surface plasma resonance (SPR) [5] - [8] and metamaterials [9] . As a new type of refractive index sensor, SPR was regarded by researchers. At the same time, with the rapid development of smartphones, the characteristics of high integration, intelligence, and convenience, which have attracted the attention of many researchers, so many measurement and analysis methods developed for smartphones are booming in various fields. For example, the smartphone as a low-cost optical detector for quantitative analysis of a high-sensitivity C-reactive protein (hs-CRP) enzyme-linked immunosorbent assay (ELISA), the compact and portable universal fast diagnostic test reader based on smartphone is developed [10] . And the convenient smartphone platform was developed to detect malaria by detecting the protein rich in Plasmodium falciparum [11] , [12] . In view of the above advantages and phenomena and the continuous improvement of the intelligent demand for the integration of optical sensors, the research of optical sensor measurement based on smartphones has been paid more attention. Such the measurement of SPR sensor based on metal film is realized by using smartphone camera and LED [13] , [14] . The optical sensor is closely combined with the smartphone, which expands the potential application field of the sensor [15] - [19] , provides a simple, intelligent and low-cost platform for the measurement of refractive index sensor.
In this paper, a SPR refractive index sensor using a smartphone monitoring based on the metal nanoshell array sensing method is developed. Combining smartphone, grating and optical sensor, the camera and the flash light of the smartphone is used as a spectrum analyzer to realize the sensor interrogation and the performance analysis. Compared with the conventional spectrometer test, this method reduces the equipment needed for the measurement, which makes the refractive index sensor develop further towards an integration and intelligence sensor.
Principle and Fabrication

Principle
When light source strikes on the surface of metal nanoparticles, it will drive the conduction free electrons on the metal surface and cause the surface electron cloud to deviate from the nucleus. At the same time, the deviated electron cloud moves back to the nucleus because of the Coulomb force between the deviated electron cloud and the nucleus. Therefore, electrons will oscillate collectively near the nucleus to produce local surface plasmon resonance. When the size of nanoparticles is smaller than the wavelength of incident light, and the frequency of incident light is consistent with the frequency of free electron shock, resonance will enhance the collective shock of surface electrons, which is called local surface plasmon resonance (Localized surface plasmon resonance, LSPR). When the surface of metal nanoparticles is in resonance state, the resonance frequency of metal nanoparticles can be calculated according to Drude model:
Here, ω P is Incident light frequency, ε 0 is dielectric constant. At this time, the local electric field on the surface of metal nanoparticles is enhanced, which shows that there is a strong characteristic absorption peak in the UV-vis absorption spectrum, that is, the local surface plasmon resonance absorption peak. The absorption peak is highly sensitive to the refractive index of the ambient medium. When the refractive index of the environment changes, the resonance wavelength moves, as shown in the formula:
Here, m is the refractive index sensitivity of metal nanoparticles, n is the refractive index difference of external absorption medium, d is the thickness of environmental adsorption layer, and I d is the attenuation length of electromagnetic field.
Fabrication
Two-dimensional metal spherical shells with hexagonal close packing were prepared by micro-flow injection, reactive ion etch (RIE) and magnetron sputter. As can be seen from sputtered with a layer of Ag film about 10 nm, forming a two-dimensional metal nanoshell array with ordered hexagonally close-packed, as shown in Fig. 1(f) .
Interrogation System of SPR Refractive Index Sensor
Interrogation by Spectrometer
The experimental system includes a white light source (YOKOGAWA AQ4305) and an ocean spectrometer (Ocean Optics USB2000. The reflective spectrum of the sensor can be measured by connecting the fabricated SPR refractive index sensor to the spectrometer with a coupler of 1 * 2, as shown in Fig. 2 . Using the experimental system, the reflectance spectrum of SPR refractive index sensor was measured, as shown in Fig. 3 . 
Interrogation by Smartphone
3.2.1 Design of the Interrogation System: The interrogation system that uses smartphone and diffraction grating are presented to interrogate SPR refractive index sensor. The two fiber tips of the 1 * 2 coupler were polished to 45 degrees, and then connect the camera and the LED. A transmission diffraction grating (Thorlabs GT13-12) with 1200 Lines/mm fixed on top of the camera was illuminated by the LED, in which the LED and camera is used as a light source and the image acquisition. The resulting spectrum can be obtained. The optical attachment for refractive index sensor on smartphone is designed and fabrication, and the measurement module is packaged by 3D printing, as shown in Fig. 4 .
Design of the Interrogation System: 1) Wavelength calibration
During wavelength calibration, a multinomial relationship between wavelength and picture pixels is established. λ = a 0 + a 1 p + a 2 p 2 + · · · + a n p n
p is the position of the pixel, a n represents the coefficients of the polynomials. In order to simplify the processing, pixel values in the diffraction images were translated to calibrate the wavelength values through the use of two lasers and the smartphone measurement system. In this experiment, red light with wavelength 635 nm and green light with wavelength 532 nm were selected for calibration. The diffraction images of red light and green light are obtained by using smartphone and diffraction grating. Then both images are proceeded as grayscale images, as shown in Fig. 5 , resulting in the curves with peak intensity values at the pixel position, as shown in Fig. 6 . It can be seen that the peak pixel positions of red light and green light are at 1750 and 1518 pixel, respectively. The distance (232 pixels) between laser index values is translated into a wavelength index through the transfer function, and the wavelength resolution is 0.44 nm/ pixel.
2) Image processing and data acquisition
The image of the sensor spectrum was taken by the smartphone, and analyzed by the imageprocessing smartphone application (app) developed using the Android platform. The application program is named 'Monitor', as shown in Fig. 7(a) . The application is mainly divided into the following three steps: firstly, the light is irradiated on the diffraction grating into a linear spectrum according to the different wavelengths, and the dispersion map is taken by the camera. The captured experimental dispersion map is introduced into the application for processing, as shown in Fig. 7(b) . Secondly, The Android application developed by the Java language processes the selected experimental dispersion map, and displays the processed grayscale image to obtain grayscale data of each row. Then, the grayscale distribution of the middle row of the grayscale image is displayed in the app. According to the corresponding relationship between wavelength and pixel obtained above, the curve diagram of wavelength and intensity is made and displayed on the interface, as shown in Fig. 8(a) . Thirdly, you can choose whether to filter the obtained curve as needed to make it smoother. There are two filtering options: average filtering and median filtering. The processed curve will be displayed again on the interface, as shown in Fig. 8(b) . All the pictures or curves shown above can be saved by clicking on the location where they are located. The 'Monitor' is used to closely connect the spectral measurement with the smartphone, so as to monitor the changes of sensor data from time to time and analyze the data.
Results and Anaylsis
Different concentrations of ethanol solution were prepared for analyzing of refractive index sensor. Firstly, the refractive index (RI) of the solution was calibrated by using Abbe refractometer (the RI range from 1.352 to 1.363). Then the sensor probe is placed in ethanol solution, the reflection spectrum of the sensor under different ambient refractive index is obtained by using the smartphone measurement system. As shown in Fig. 9 , it is known that the spectrum offset a significant change with the change of the refractive index of the solution. At the same time, the relationship between the environmental refractive index and the position of peak 1 is calculated shown in Fig. 10 . It can be seen that there is a good linear relationship between the refractive index change and the position of peak 1. With the increase of refractive index, the wavelength value corresponding to the peak position increases, which further reflects the red shift trend of the reflected spectrum with the change of refractive index of the environment. Therefore, the change of refractive index of the environment can be reflected by measuring the spectral line offset of the sensor. The sensitivity is 927 nm/RIU. The quality factor is 18.5. Compared with spectrometer and other devices, this kind of measurement based on smartphone not only builds a convenient, low-cost and intelligent test platform, but also can further improve the sensitivity and accuracy of the sensor by reducing the diameter of optical fiber and improving the resolution of the camera, so it has a prosperous application.
Conclusion
In this paper, a SPR refractive index sensor using smartphone monitoring is proposed. Twodimensional colloidal microsphere template were prepared on the substrate by microfluidic injection. The SPR refractive index sensor based on the metal nanoshell array sensing method was fabricated by the microsphere template and magnetron sputtering. The reflected spectrum of the sensor is obtained by smartphone, and the ambient refractive index is detected by the shift of the reflection spectrum. The experimental results show that the sensitivity of the SPR refractive index sensor is 927 nm/RIU for a refractive index (RI) range from 1.352 to 1.363, and the quality factor is about 18.5. The SPR refractive index sensor, which is monitored by smartphone, not only realizes environmental refractive index monitoring, but also provides a simpler and lower cost diagnostic platform. These results show that the use of smartphone to monitor the temperature has the advantages of convenience, low-cost, ease of operation. This new SPR refractive index sensor and the interrogation method will have a great potential in industrial applications due to its integrated and intelligent feature.
